Context. The blazar 3C 454.3 is one of the most active sources from the radio to the γ-ray frequencies observed in the past few years. Aims. We present multiwavelength observations of this source from April 2008 to March 2010. The radio to optical data are mostly from the GASP-WEBT, UV and X-ray data from Swift, and γ-ray data from the AGILE and Fermi satellites. The aim is to understand the connection among emissions at different frequencies and to derive information on the emitting jet. Methods. Light curves in 18 bands were carefully assembled to study flux variability correlations. We improved the calibration of optical-UV data from the UVOT and OM instruments and estimated the Lyα flux to disentangle the contributions from different components in this spectral region.
Introduction
A relativistic jet pointing at a small angle to the line of sight is most likely responsible for the extreme properties of the active galactic nuclei known as "blazars", i.e. BL Lac objects and flatspectrum radio quasars (FSRQ). Indeed, the alignment would cause Doppler enhancement of the emission and contraction of its variability time scales. This peculiar orientation would also explain the apparent superluminal motion of radio knots in the jet. Owing to the jet emission beaming, we observe intensified synchrotron radiation from the radio to the UV-X-ray band and inverse-Compton radiation at higher energies, up to the TeV domain. Sometimes, in low brightness states, other contribu-⋆ The radio-to-optical data presented in this paper are stored in the GASP-WEBT archive; for questions regarding their availability, please contact the WEBT President Massimo Villata (villata@oato.inaf.it). tions are detected, likely because of unbeamed radiation from the blazar nucleus, i.e. the accretion disc and broad line region (BLR). This occurs more often in FSRQ than in BL Lac objects, and indeed the classical distinction between the two classes is based on the equivalent width of their broad emission lines (that has to be greater than 5 Å in the rest frame for FSRQ). One of the main issues concerns the origin of the seed photons that are Comptonised to X-and γ-ray energies: relativistic electrons certainly upscatter the soft photons they have previously produced by synchrotron emission (synchrotron-self-Compton, or SSC, process), but possibly also photons coming from outside the jet (external Compton, or EC, process), in particular from the accretion disc, the BLR, or an obscuring torus (see e.g. Dermer et al., 2009 , and references therein).
The quasar-type blazar 3C 454.3 has received particular attention by the international astronomical community since it underwent a major outburst in 2005 (Villata et al., 2006; Giommi et al., 2006; Pian et al., 2006; Fuhrmann et al., 2006) . Indeed, after many decades of intense radio, but only mild optical activity, the source began brightening in the optical band in 2001, until in May 2005 it reached the maximum optical level ever observed, R = 12.0. The outburst was simultaneously detected also in X-rays, while the millimetric radio flux peaked about one month after, and the 15-43 GHz flux much later Raiteri et al., 2008b) . According to Villata et al. (2006 Villata et al. ( , 2007 the observed change in behaviour starting from 2001 was a geometric effect, i.e. the motion of a curved jet producing variations in the viewing angle of the different emitting regions.
In the following 2006-2007 observing season the source remained in a faint state, and new features appeared in its spectral energy distribution (SED) . Through the analysis of low-energy data from the Whole Earth Blazar Telescope 1 (WEBT) and high-energy data from the XMM-Newton satellite, Raiteri et al. (2007) were able to recognise both a little blue bump in the optical, possibly due to emission lines from the BLR, and a UV excess, suggesting a big blue bump likely due to thermal radiation from the accretion disc. Moreover, they argue that the X-ray spectrum may be concave, with spectral softening at lower energies becoming more evident when the source is fainter, maybe revealing the high-frequency tail of the big blue bump. Finally, they ascribed the flux excess in the J band to a prominent broad Hα emission line. Both the UV excess and X-ray spectral curvature were also inferred from further XMM-Newton observations, at the beginning of the following observing season, while the contribution of the Hα line was confirmed by near-IR spectroscopy at Campo Imperatore (Raiteri et al., 2008b) .
Then, from July 2007 the source began a new activity phase, during which it was detected several times in γ-rays by the AGILE satellite 2 , and was monitored from the optical to the radio bands by the WEBT and its GLAST-AGILE Support Program (GASP, Villata et al., 2008) . The results of these observations were published in Vercellone et al. (2008) , Raiteri et al. (2008a,b) , Vercellone et al. (2009) , Donnarumma et al. (2009) , Villata et al. (2009a) , and Vercellone et al. (2010) . Rotations of the optical polarisation vector both clockwise and counterclockwise were detected by Sasada et al. (2010) . In contrast, observations at very high energies (E > 100 GeV) by the Cherenkov telescope MAGIC resulted in only upper limits (Anderhub et al., 2009) .
From the theoretical point of view, Ghisellini et al. (2007) compare the source SED of July 2007 with that of May 2005 and infer that the dissipation site in relativistic jets changes, with more compact emitting regions, smaller bulk Lorentz factors, and greater magnetic fields characterising locations closer to the black hole. However, in the Ghisellini et al. (2007) view, the dissipation always occurs in a subparsec zone, where the seed photons for Compton emission are provided by the BLR. In contrast, Sikora et al. (2008) claim that the dissipation region is located much farther, in the millimetric photosphere, at some parsecs from the central engine, so the Compton emission is due to scattering of infrared photons emitted by the hot dust.
In the meanwhile, the Fermi satellite 3 was launched, providing an unprecedented monitoring of 3C 454.3 at γ-ray energies (Bonning et al., 2009; Abdo et al., 2009) . The data from AGILE and Fermi were separately used to study the correlations be-1 http://www.oato.inaf.it/blazars/webt/ 2 http://agile.iasf-roma.inaf.it/ 3 http://fermi.gsfc.nasa.gov/ tween flux variations in optical and γ-rays. All results agreed that the time lag of γ-ray flux variations after the optical ones is less than one day (Vercellone et al., 2009; Donnarumma et al., 2009; Bonning et al., 2009; Vercellone et al., 2010) . Finke & Dermer (2010) discuss the spectral break at ∼ 2.4 GeV shown by Fermi data in August 2008 suggesting that it results from the combination of Compton-scattered disc and BLR radiations.
An analysis of the radio-optical data in 2005-2007, including space observations by Spitzer in the infrared, revealed two synchrotron peaks, the primary at IR and the secondary at submm wavelengths, likely arising from distinct regions in the jet (Ogle et al., 2010) .
A multiwavelength study of the flaring behaviour of 3C 454.3 during 2005-2008 was performed by Jorstad et al. (2010) . These authors suggest that the emergence of a superluminal knot from the core produces a series of optical and high-energy outbursts, and that the millimetre-wave core lies at the end of the jet acceleration and collimation zone.
Suzaku observations of 3C 454.3 in November 2008 analysed by Abdo et al. (2010) confirmed the earlier suggestions by Raiteri et al. (2007 Raiteri et al. ( , 2008b that there seems to be a soft X-ray excess, which becomes more important when the source gets fainter. They interpret it as either a contribution of the highenergy tail of the synchrotron component or bulk-Compton radiation produced by Comptonisation of UV photons from the accretion disc by cold electrons in the innermost parts of the relativistic jet.
More recently, Pacciani et al. (2010 , see also Striani et al. 2010 ) have reported on a γ-ray flare of 3C 454.3 detected by AGILE in December 2009, when the peak flux reached 2.0 × 10 −5 photons cm −2 s −1 . The simultaneous flux increase at UV and optical frequencies was by far less dramatic. The authors found that the source behaviour during the flare cannot be accounted for by a simple one-zone model, but an additional particle component is needed. In contrast, Bonnoli et al. (2011) explain the source behaviour in the same period by means of a onezone model, where the magnetic field is slightly weaker when the overall jet luminosity is higher. A new intense γ-ray flare was detected by Fermi in April 2010 (≈ 1.6 × 10 −5 photons cm Ackermann et al., 2010) , when fast variability on a time scale of a few hours was revealed (Foschini et al., 2010) , supporting earlier results by Tavecchio et al. (2010) , who claim that the dissipation region must be close to the black hole. The December 2009 and April 2010 γ-ray outbursts detected by Fermi were further analysed by Ackermann et al. (2010) . These authors in particular discuss the observed spectral break at a few GeV, which they ascribe to a break in the underlying electron spectrum. This feature was also observed during the unprecedented γ-ray outburst of November 2010 (Abdo et al., 2011) , when the γ flux rose to (6.6 ± 0.2) × 10 −5 photons cm −2 s −1 showing clear spectral changes.
In this paper we present the radio-to-optical monitoring results obtained by the GASP-WEBT in 2008-2010, together with UV and X-ray data acquired by Swift and γ-ray observations by the AGILE and Fermi satellites. We analyse the flux correlations at different frequencies to derive information on the jet physics and structure. As in several previous WEBT-GASP papers, we focus on an interpretation of the observed light curves in terms of variations in the orientation and curvature of an inhomogeneous emitting jet. 
GASP-WEBT observations
The GLAST-AGILE Support Program (GASP) was born in 2007 as a project of the WEBT. Its aim is to perform long-term multifrequency monitoring of selected γ-loud blazars during the operation of the AGILE and Fermi (formerly GLAST) γ-ray satellites. In the optical, data are collected in the R band, and photometric calibration of 3C 454.3 is obtained with respect to Stars 1, 2, 3, and 4 by Raiteri et al. (1998) . For this paper we also collected data taken by the GASP-WEBT observers in other optical bands to obtain spectral information. Both observing seasons are characterised by intense activity, with several flaring episodes superimposed on prominent outbursts. The total variation amplitude is similar in the two seasons and it increases with increasing wavelength, as already noticed in previous works (e.g. Villata et al., 2006; Raiteri et al., 2008b) . This feature was interpreted as an effect of an additional, stabler, emission component, mainly contributing to the blue part of the optical spectrum. This radiation likely comes from the accretion disc and BLR (see also Sects. 3 and 4) . Noticeable fast variability episodes are observed; in particular, a 0.3 mag brightening in about six hours on JD = 2455066 and 2455091, and a 0.5 mag brightening in about 14 hours, from JD = 2455171.6 to 2455172.2.
The radio light curves of 3C 454.3 at different wavelengths in 2008-2010 are displayed in Fig. 2 . Observations at 230 and 345 GHz are from the Submillimeter Array (SMA 5 ), a radio interferometer including eight dishes of 6 m size located atop Mauna Kea, in Hawaii. Data at longer wavelengths were taken at the radio telescopes of Medicina (5, 8, and 22 GHz) , Metsähovi (37 GHz), Noto (43 GHz), and UMRAO (4.8, 8.0, and 14.5 GHz) . The Crimean Observatory provided additional observations at 37 GHz. We also included data from the VLA/VLBA Polarization Calibration Database 6 and from the MOJAVE programme 7 . In the top panel of Fig. 2 the R-band flux densities are shown for comparison. They were obtained by correcting magnitudes for a Galactic extinction of 0.29 mag and then converting them into fluxes using the absolute fluxes by Bessell et al. (1998) .
At 230 GHz two outbursts with flickering superimposed cover the periods of high optical activity. Two outbursts are also visible at 43 and 37 GHz, but they are smoother and clearly delayed with respect to those at higher frequencies.
Swift-UVOT observations
The Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005) onboard the Swift spacecraft (Gehrels et al., 2004) acquires data in the optical v, b, and u bands, as well as in the UV filters uvw1, uvm2, and uvw2 (Poole et al., 2008) . In the period from 2008 May 27 to 2010 January 17, Swift pointed 173 times at 3C 454.3, acquiring data with the UVOT instrument 168 times. We reduced these data with the HEAsoft package version 6.10, with CALDB updated at the end of March 2010. Multiple exposures in the same filter at the same epoch were summed with uvotimsum, and then aperture photometry was performed with the task uvotsource. Source counts were extracted from a circular region with 5 arcsec radius, while background counts were estimated in two neighbouring source-free circular regions with 10 arcsec radii. In this way we obtained 147, 143, 165, 128, 126, and 120 photometric data in the uvw2, uvm2, uvw1, u, b , and v bands, respectively.
The UVOT light curves are shown in Fig. 3 . The variability amplitude (maximum − minimum magnitude) decreases with increasing frequency: 1.94, 1.95, 1.88, 1.65, 1.48 , and 1.46 mag going from the v to the uvw2 band. This confirms the trend already noticed for the optical data in Sect. 2 and extends it to the UV.
The UVOT optical data are also reported in Fig. 1 . In this case, shifts have been given to the UVOT magnitudes to match the ground-based U, B, and V data taken by the GASP-WEBT observers. We estimated mean offsets U − u = 0.2, B − b = 0.1, and V − v = −0.05, with an uncertainty of a few hundredths of mag. These values are the same as those derived for BL Lacertae by Raiteri et al. (2010) . By considering that the average UVOT colour indices of 3C 454. the offset we find in the other two bands is larger. This may partly depend on the uncertainties affecting the reference star photometry adopted for the calibration of the ground-based data. Moreover, we must also consider the different spectral shape of our source with respect to the Pickles stars and GRB models used by Poole et al. (2008) to make the UVOT calibrations. As a result, following Raiteri et al. (2010) we checked the calibrations for our source, calculating effective wavelengths, λ eff , and count rate to flux conversion factors, CF Λ , by folding them with both the blazar spectrum and the effective areas of the UVOT filters. The same folding procedure was also applied to evaluate the amount of Galactic extinction for each band, A Λ , starting from the Cardelli et al. (1989) laws. This is an important point, because the average extinction curve shows a bump at about 2175 Å, which makes the usual calculation of extinction at the filter λ eff dangerous in the UV bands for very absorbed objects, as shown by Raiteri et al. (2010) for BL Lacertae. Galactic reddening towards 3C 454.3 is smaller than in the BL Lacertae case, so we expect that deviations from both the Poole et al. (2008) calibrations and the Galactic extinction evaluated at the filter λ eff are milder. To verify this we selected a number of epochs where UVOT data were available in all filters and which represented different brightness levels of the source, and we built an average observed spectrum of 3C 454.3 (see Fig. 4 , top panel). Then we fitted this mean spectrum with a log-cubic curve and used this fit in the folding procedure. We checked the stability of the results by iterating the procedure twice. Poole et al. (2008) , and Galactic extinction calculated from the Cardelli et al. (1989) laws at the λ eff by Poole et al. (2008) .
The new λ eff , CF Λ , and A Λ are reported in Table 1 . For comparison, the corresponding "standard" values (λ eff and CF Λ by Poole et al. 2008 , and A Λ calculated at the λ eff of Poole et al. 2008 ) are shown in brackets. We then obtained recalibrated flux densities from count rates using the new CF Λ , and corrected for Galactic extinction according to the new A Λ . In the bottom-left panel of Fig. 4 we show the resulting SEDs corresponding to the selected observing epochs, together with their average. This average is compared to that obtained from the average spectrum shown in the top panel after applying standard calibrations and de-reddening. The main differences are in the UV, where the recalibrated spectral shape is smoother.
As expected, there is a change in the spectral slope when going from bright to faint states, as the ratio between the optical and UV fluxes decreases, leading to the already noticed smaller fluxdensity variation at higher frequencies. This reveals the presence of another emission component, likely coming from the accretion disc and BLR. Indeed, BLR contributions to the source SED in the near-IR (Hα line), in the optical band (Mg II, Fe II, and Balmer lines), and in the UV (Lyα) have already been recognised (Raiteri et al., , 2008b Benítez et al., 2010; Bonnoli et al., 2011) . Subtraction of the Lyα flux would clarify to what extent a further contribution, possibly from the accretion disc, is needed. We used the publicly available UV spectrum acquired by the Galaxy Evolution Explorer 8 (GALEX) on 2008 September 30 to estimate the Lyα flux, finding ∼ 1.8 × 10 −14 erg cm −2 s −1 , about 30% lower than the value derived by Wills et al. (1995) . By folding the line profile with the effective areas of the UV filters, we found contributions of 1.1, 3.1, and 1.2 × 10 −16 erg cm
in the uvw1, uvm2, and uvw2 bands, respectively. This means that in the uvm2 band the Lyα accounts for about 6% of the source flux density in the brightest state shown in Fig. 4 , and for 17% in the faintest state. However, the Lyα line is not the only emission line to affect the UV spectrum of 3C 454.3. The Hubble Space Telescope (HST) spectra acquired in 1991 and analysed by Bahcall et al. (1993) , Wills et al. (1995) , and Evans & Koratkar (2004) also show prominent C IV and O VI + Lyβ lines, which are expected to mainly affect the flux in the uvw1 and uvw2 bands, respectively. We made a rough estimate of these further BLR contributions, finding that they are about one half of the Lyα ones. The bottom-right panel of Fig. 4 shows the source SEDs already displayed in the bottom-left panel, after correction for the emission line flux contribution. A UV excess still remains, likely indicating thermal emission from the accretion disc, as suggested by Raiteri et al. (2007 Raiteri et al. ( , 2008b and Bonnoli et al. (2011) .
Spectral behaviour from the near-IR to the UV band
In the 2008-2009 observing season, near-IR monitoring in J, H, and K bands was performed at Campo Imperatore. L'Aquila earthquake that occurred on 2009 April 6 prevented the acquisition of data in the following season. Figure 5 shows four near-IR-to-UV SEDs obtained with simultaneous near-IR and optical GASP-WEBT data and the Swift-UVOT data treated as explained in the previous section, but without subtraction of the emission line contributions. To add information on the source behaviour at even fainter levels, we reconsidered the two SEDs corresponding to the XMM-Newton observations of July and December 2006, which were published by Raiteri et al. (2007) . The corresponding near-IR and optical data were acquired by the WEBT collaboration, and they show the flux excess in the J band owing to the Hα emission line (see also Raiteri et al., 2008b) of Raiteri et al. (2007) were treated in a standard way by converting magnitudes into fluxes according to the general method based on the Vega flux scale 9 and by correcting for Galactic extinction calculated from the Cardelli et al. (1989) law at the effective wavelength of the OM filters. We checked the reliability of those results by applying the same calibration procedure used in the previous section to check the UVOT calibrations. Table 2 shows the results we obtained by folding the quantities of interest with both the source spectrum and the effective areas of the OM filters. The most noticeable difference between the new and the standard λ eff is a blueshift in the B band, which makes the new value more like to the UVOT one. We also notice a 15% increase in the CF Λ in the U band over Vega and a 10% decrease in the Galactic extinction in the UVW2 band over the value we got from the Cardelli et al. (1989) law at the standard effective wavelength.
The main effect of the OM recalibration procedure is that the U points in Fig. 5 are shifted to a higher flux level than in Fig. 6 of Raiteri et al. (2007) , confirming what we have already found for the UVOT data, i.e. that the satellite data are much brighter than the ground-based one in the U band. The recalibration of the OM data confirms the sharp rise of the SED in the UV when the source is in a faint state.
Swift-XRT observations
In the period from 2008 May 27 to 2010 January 17 (see Sect.
3) the XRT instrument onboard Swift (Burrows et al., 2005) performed 173 observations of 3C 454.3 in different observing modes. We processed the event files acquired in pointing Notes. Values in brackets represent, respectively, "standard" effective wavelengths λ eff , count rate to flux conversion factors CF Λ based on Vega, and Galactic extinction calculated from the Cardelli et al. (1989) laws at the standard λ eff .
mode, using the HEASoft package version 6.10 with CALDB updated as 2010 September 30. We considered the observations with exposure time longer than five minutes, including 111 observations in photon-counting (PC) mode and 59 in windowedtiming (WT) mode. The task xrtpipeline was run with standard filtering and screening criteria. For the PC mode, we selected event grades 0-12. Source counts were extracted from a 30 pixel circular region (∼ 71 arcsec) centred on the source, and background counts were derived from a surrounding annular region with radii 110 and 160 pixels. When the count rate was greater than 0.5 counts/s, we punctured the source-extracting region, discarding the inner 3-pixel radius circle to correct for pileup. The xrtmkarf task was used to generate ancillary response files (ARF), which account for different extraction regions, vignetting, and PSF corrections. The last in particular correct for the loss of counts caused by the central hole of the source extracting region in the pile-up case.
For the data acquired in WT mode, we selected event grades 0-2. We used the same circular region of 30 pixel radius centred on the source to extract the source counts, and a similar region shifted away from the source along the window to extract the background counts. When in the same observation the windows corresponding to different orbits overlapped with different position angles, we both created event files and extracted source and background counts separately for each orbit 10 . For each event file we then generated the exposure map with the task xrtexpomap, which was used to obtain the ARF for the corresponding source spectrum. Finally, we recombined the information from all the orbits of a single observation by summing the source spectra and the background spectra. The ARFs were summed by weighting them according to their orbit contribution to the total counts of the observation.
The task grppha was used to group the spectra and bin them to have more than 20 counts in each bin. These spectra were then analysed with the xspec task, version 12.6.0q. We applied an absorbed single power-law model, where absorption is modelled according to Wilms et al. (2000) . Table 3 presents the result of the spectral analysis in the case where the hydrogen column is fixed to N H = 1.34 × 10 21 cm −2 , as determined by the Chandra observations in 2005 (Villata et al., 2006) . Column 1 gives the ObsID, Col. 2 the start time (UT), and Col. 3 the total exposure time, often distributed over several orbits. Column 4 gives the observing mode: an asterisk following "PC" means that the count rate was greater than 0.5 counts/s, and the data were thus corrected for pile-up, while a number following "WT" indicates how many misaligned windows were present in the total event file. Column 5 gives the photon index Γ, Col. 6 the 1 keV flux, Col. 7 the value of the reduced χ 2 , while the number of degrees of freedom ν appears in brackets.
Some observations resulted in a low number of counts, and the corresponding χ 2 /ν values were mostly small, indicating that the model is "over-fitting" the data. Indeed, the χ 2 statistic is not appropriate for a low number of counts, so that we refitted the spectra with either ν < 10 or χ 2 /ν < 0.5 adopting the Cash's C-statistic, which was developed to address this problem (Cash, 1979; Nousek & Shue, 1989) . When in Col. 7 of Table 3 the label "Cash" appears, it means that the results of the spectral fit were obtained with the C-statistic. The photon index Γ ranges from 1.38 to 1.85, with an average value < Γ > = 1.59, and a standard deviation σ = 0.09. However, the mean square uncertainty δ 2 = 0.18 is greater than the variance σ 2 , so that the mean fractional variation (Peterson, 2001 ) F var = √ σ 2 − δ 2 / < Γ > is not even real. This means that the spectral variations are dominated by noise and cannot be ascribed to real changes in the source spectrum. The lack of a trend of Γ with the source flux favours this interpretation. Table 3 . The following ultraviolet (uvw1 band), optical (R band), and millimetric (230 GHz) light curves have already been shown in Figs. 1 -3 . We notice a rough correlation among the fluxes at all wavelengths, but the variability amplitude decreases from the higher to the lower frequencies, with the ultraviolet the only exception. Indeed, the maximum variation in the γ-ray flux is a factor ∼ 214, while it is ∼ 17 at 1 keV, ∼ 14 in the optical R band, and ∼ 9 at ∼ 1 mm. The total change of the uvw1 flux density is only a factor ∼ 5, and this is the consequence of the dilution of the variable synchrotron emission with the less variable disc and BLR radiation (see Sects. 3 and 4) .
Flux correlations
It is interesting to notice that the flux level reached by the optical light curve is similar in the two seasons; the same is true for the mm light curve, while in the X-ray and γ-ray bands there is a clear general flux increase in the second period. We miss information in the infrared, but can guess that the source behaviour would be intermediate between those in the optical and mm bands.
One possible interpretation of the observed long-term flux variations of 3C 454.3 at low frequencies (radio to UV) assumes that the jet is both inhomogeneous, with radiation of increasing wavelength being produced in progressively outer regions (e.g. Ghisellini & Maraschi, 1989; Maraschi et al., 1992) , and curved and that the alignment of the various emitting regions with the line of sight changes in time (Villata et al., 2006 (Villata et al., , 2009a .
Because the Doppler factor δ = [Γ(1 − β cos θ)] −1 , where Γ is the bulk Lorentz factor of the jet plasma and β = v/c its bulk velocity, depends on the viewing angle θ, the flux at a given wavelength will be Doppler-enhanced according to the orientation of the corresponding emitting zone. In the bottom panel of Fig. 6 , we show the variation in the Doppler factors affecting the optical and mm fluxes under the hypothesis that their long-term trend is due to variations in the viewing angle alone and that the observed flux is proportional to δ 3 (see e.g. Urry & Padovani, 1995; , so that δ(t) = δ min [F(t)/F min ] 1/3 . We set δ min = 11, in the range of the values estimated by Abdo et al. (2009) and Ackermann et al. (2010) to avoid pair production, hence self-absorption, of γ-ray radiation. To reproduce the long-term trends we tentatively used cubic spline interpolations through the 7-d binned optical light curve and 30-d binned mm light curve 12 . In the bottom panel of Fig. 6 we also show the evolution of the corresponding viewing angles, obtained as
where we put Γ = 15.6, in agreement with the value derived by long-term Very Long Baseline Interferometry (VLBI) monitoring (Jorstad et al., 2005) . This produces maximum Doppler factors of ∼ 23.7 for the optical and ∼ 22.5 for the mm, and corresponding minimum viewing angles of about 2.1
• and 2.3
• , respectively, at the time of flux maxima. The minimum Doppler factor of 11, corresponding to a maximum angle of about 5.0
• , was reached during the flux minima. The above picture would explain the long/midterm flux variations (see also Villata et al., 2002 Villata et al., , 2004 , while the short-term flares (see below) would be due either to perturbations moving downstream in the jet or to a finer geometrical structure, as proposed for BL Lacertae by Larionov et al. (2010) .
As mentioned in the Introduction, the high-energy emission is commonly believed to come from inverse-Comptonisation of low-energy radiation according to either an SSC or an EC process, or a combination of both. In an SSC scenario, the dependence of the synchrotron emissivity on the density of relativistic particles is linear, while the dependence of the self-Compton emissivity is quadratic. However, that the increase of the flux levels of the γ and X-ray light curves in the second observing season does not correspond to a rise of the optical and mm flux levels seems to rule out a variation in the electron density. The most straightward explanation is therefore that there has been a growth of the number of Comptonised seed photons, i.e. of the Comptonisation rate.
We investigate the matter in an SSC framework and we roughly divide the emitting jet in three zones, where radiation at different frequencies is produced through the synchrotron process: the UV to near-IR region, which we will call the "optical" region, the IR region, and the mm region 13 . We assume that the variation in time of the number of both synchrotron (seed) photons and target electrons in the various zones is represented by the R-band light in the first region, by a linear combination of the R-band and mm light curves in the second region, and by the mm flux density variations in the third region. We therefore try to fit the γ and X-ray light curves in Fig. 6 with the following general expression: 12 The mm emitting region is expected to be much wider than the optical one, so that its variability time scales would be longer. 13 Indeed, in our inhomogeneous jet model the synchrotron emission at each frequency mainly comes from the jet region where that frequency is close to self absorption. where the first factor refers to the seed photons in the jet rest frame, the second factor to the Comptonising electrons, F R (t) and F mm (t) represent cubic spline interpolations through the 1-d binned R-band and 7-d binned mm light curves, respectively, δ R (t) and δ mm (t) are the Doppler factors affecting the optical and mm emissions, respectively, which are plotted in the bottom panel of Fig. 6 , and s R , s mm , e R , e mm are coefficients that regulate the relative contributions of the jet zones. The functions
mm (t) represent the intrinsic optical and mm flux density changes, respectively, since δ −3 corrects for the variability due to the Doppler boosting. To better clarify this point, we superposed, on the optical and mm light curves in Fig. 6 , those intrinsic changes that would be observed in case of a constant Doppler factor δ = 18, i.e. if there were no viewing angle variations. As one can see, ascribing the long-term trends to viewing angle variations on the chosen time scales (one week for the optical, one month for the mm) reveals intrinsic variations of similar amplitude, which in turn supports the initial assumption.
The fit to the γ-ray light curve shown in the top panel of Fig.  6 is obtained by setting s mm = e mm = 0, suggesting that the γ-ray emission comes from the Comptonisation of synchrotron optical photons in the optical emitting region. However, due to the photon's mean free path before upscattering and to the fact that the synchrotron radiation is relativistically beamed forward, the bulk of the γ-ray radiation is expected to come from a region slightly downstream from the region responsible for the bulk of the optical emission. To fit the X-ray light curve, we set s R = e R and s mm = e mm , meaning that the X-ray emission is obtained by upscattering of IR photons on their parent relativistic electrons. Also in this case we can imagine that the bulk of the X-ray radiation is produced a bit downstream from the bulk of the IR radiation.
The increase in the γ and X-ray flux levels from the first to the second observing season can thus be explained as a growth in the number of seed photons that are Comptonised. In particular, to explain the higher γ flux in the second season, we need to increase the number of Comptonising interactions by about 60%, while we need to increase it by a factor 1.6-1.8 to explain the higher X-ray flux. This may be due to a variable misalignment between the zone responsible for the bulk of the synchrotron emission and the one responsible for the bulk of the respective inverse-Compton one. In the second observing season, the regions would be better aligned, so that more seed photons can enter the corresponding Comptonisation zone.
In summary, we imagine a scenario where the variation in the angle between our line of sight and the optical emitting region in the 2008-2009 observing season is similar to the variation in the following 2009-2010 season, implying similar flux density levels. The same is true for the mm region. At the same time, the γ and X-ray production zones become more aligned with the optical and IR regions in the second period, explaining the increased γ and X-ray flux levels.
Short-term correlation between the optical and γ-ray fluxes
The correlation between the γ-ray and optical fluxes of 3C 454.3 has been analysed in a number of papers including AGILE or Fermi data. Using AGILE and WEBT data, Vercellone et al. (2009) and AGILE data (triangles) from Vercellone et al. (2010) . Vertical dotted lines indicate the position of the two γ peaks, the yellow stripes highlighting the data integration interval. Cubic spline interpolations through the 7-day binned optical (blue dashed line) and γ (black dashed line) light curves are also shown. They represent the variations due to geometrical changes. The evolution of the Doppler factor δ (dot-dashed lines) and viewing angle θ (solid lines) is shown in the bottom panel for both the γ-ray (black) and optical (blue) bands.
The γ-ray flare appears double-peaked, the flux of the first maximum being 27% higher than that of the second one. The shape of the optical flare seems more complex, but we notice that there is an optical minor peak corresponding to the first γ maximum, just before or simultaneous to it, and there is a major optical peak just before or simultaneous to the second γ peak. It is not clear whether there are really more optical events than γ ones, or if other γ peaks are hidden by insufficient sampling and precision. Moreover, it is not easy to understand why a minor (major) optical flare corresponds to a major (minor) event at γ energies.
The period of most intense activity in late 2009 is shown in Fig. 8 . We can recognise some features similar to those noticed in the light curves of mid 2008. The dense optical monitoring performed by the GASP collaboration allowed us to detect a sharp peak on JD = 2455168, simultaneous to the major γ-ray one. Then, a second major fast optical flare at JD = 2455172 found the γ-ray flux at a much lower level, possibly in between two little γ bumps. We again notice a difference in the flux ratios: the second optical peak is brighter than the first one, whereas the opposite is true in γ-rays. Moreover, a well-sampled optical minimum is visible at JD = 2455176, while the minimum is reached 1-2 days later at γ frequencies. Finally, the optical flares peaking at JD = 2455183 and JD = 2455190 have no evident γ-ray counterparts.
In summary, when inspecting the γ-optical correlation on short time scales, sometimes the optical and γ flux variations are simultaneous, whereas in other cases the latter seem to be lacking or to possibly be delayed.
In the geometrical scenario proposed above to explain the long-term flux variations of the optical and mm light curves, as well as the increased γ and X-ray fluxes in 2009-2010, a slight misalignment between the regions responsible for the production of the optical and γ-ray radiations can also account for the variation in the γ/optical flux ratio. In the bottom panels of Figs. 7 and 8 we show the evolution of the Doppler factors δ and viewing angles θ affecting the optical and γ fluxes in the considered periods. The trends of the optical δ and θ have already been presented in the bottom panel of Fig. 6 . To obtain the γ-ray ones we used cubic spline interpolations through the 7-d binned Fermi light curve and rescaled it to the optical one to take into account that we are comparing fluxes deriving from different processes. We therefore constructed a new γ-ray spline as F res = a F b , which has the same flux maximum and minimum as the optical one. We got a = 3.53 and b = 0.57 in the period shown in Fig. 7 , while a = 1.70 and b = 0.73 in the period plotted in Fig. 8 14 . In both periods one can see that the γ-emitting region acquires the minimum θ, corresponding to the maximum δ, slightly before than the optical zone. We suggest that in both periods, because of the different orientation of the emitting regions, the γ-ray flux was more relativistically boosted than the optical one at the time of the first γ peak, while the opposite occurred at the time of the second peak. Moreover, we can see that, in the rising part of the 2009 outburst, the two regions are better aligned, yielding more comparable optical and γ flares than in the rising part of the 2008 outburst. The maximum misalignment between the optical and γ emitting regions is quite small: ∼ 0.4
• in mid 2008 and ∼ 0.6
• in late 2009.
Short-term correlation between the X-ray and optical/γ fluxes
The X-ray light curve is less sampled than the γ-ray one, so that a detailed analysis of correlation like the one performed in the previous section is not possible. We thus investigate the optical-X correlation by analysing the entire long-term light curves shown in Fig. 6 by means of the discrete correlation function (DCF; Edelson & Krolik, 1988; Hufnagel & Bregman, 1992) , which was specifically designed to study unevenly sampled data sets. In Fig. 9 we show the DCF obtained by crosscorrelating the 1 keV with the R-band flux densities. Both light curves have previously been binned over 12 hours, while the DCF bin was set to two days. The curve peaks at a time lag τ between −2 and 0 d, with a DCF value of 0.62, which indicates mild correlation, and flux variations in the optical band leading or being simultaneous to those in the X-ray one. In general, a more precise measure of the time lag can be obtained by calculating the centroid of the DCF,
where sums run over the points which have a DCF value close to the peak one. In our case the calculation of the centroid using all points with DCF > 0.8 DCF peak (6 points) yields τ c = (8 points) . To estimate the uncertainty on this time lag, we performed Monte Carlo simulations following the technique known as "flux redistribution/random subset selection" (FR/RSS; Peterson et al., 1998 , see also Raiteri et al. 2003) , which allows testing the influence of both sampling and errors on the results. We randomly selected subsets of the X-ray and optical light curves, discarding redundant points, and adding to the fluxes random Gaussian deviates constrained by the flux errors. The X-ray and optical subsets are then cross-correlated and the resulting DCF centroids stored. A measure of the lag uncertainty can then be derived from the centroid distribution, by considering the range of τ c values containing 68.27% of the realisations. The inset in Fig. 9 displays the τ c distribution obtained from 1000 Monte Carlo realisations: τ c is in the range −2-0 d in 71% of cases ( > ∼ 1σ). This allows us to conclude in a more precise way that the time lag of the X-ray flux variations after the optical ones is τ = 1.0 ± 1.0 d. The finding of a time delay of the X-ray variations after the optical ones agrees with the picture proposed above, where the X-ray radiation is produced in the IR region, downstream of the optical one. In the proposed scenario we would also expect the X-ray emission to be slightly delayed with respect to the γ-ray one, which is supposed to be very close to the optical one. Crosscorrelation of the γ-ray light curve with the X-ray one, with the same choice of binning parameters as in the X-ray/optical case, yields a highly significant peak (DCF peak ∼ 1) at zero time lag, while τ c = 1.0 d. The result of the Monte Carlo method described above is τ = 0.5 ± 1.0 d, confirming a possible slight delay in the X-ray flux variations.
Conclusions
In this paper we have presented multifrequency observations of 3C 454.3 from April 2008 to March 2010. Radio-to-optical data are mainly from the GASP-WEBT, and UV and X-ray data are from Swift and γ-ray data from AGILE and Fermi. In these two observing seasons, the source showed prominent outbursts at frequencies greater than 8 GHz, with rapid flares superposed in the optical-to-γ light curves.
We have reanalysed the question of the nature of the optical-UV emission, deriving more accurate calibrations for both the UVOT instrument onboard Swift and the OM detector onboard XMM-Newton, and estimating the contribution of the emission lines (mainly Lyα) in the UV. We confirmed that the observed decrease of the variability amplitude with increasing frequency from the near-IR to the UV band is due to the contribution of radiation from both the BLR and the accretion disc. The long-term flux variations from the optical to the γ-ray frequencies appear roughly correlated. The mm flux remained high during the whole optical flaring period.
By comparing the multiwavelength behaviour in the 2008-2009 and 2009-2010 observing seasons, we noticed that the optical flux reached nearly the same levels (i.e. minimum and maximum brightness) in both seasons. The same thing occurred in the mm band, whereas the γ-ray and X-ray flux levels increased in the second period.
We interpreted the observations in terms of an inhomogeneous jet model, where synchrotron radiation of increasing wavelength is produced in progressively larger regions farther away from the emitting jet apex. The jet is supposed to be a curved (possibly in a helical shape) and flexible (maybe rotating) structure, where different emitting zones have different alignments with the line of sight, and their viewing angle can change in time. A similar model has been adopted to explain the multiwavelength behaviour of Mkn 501 , S4 0954+65 , BL Lacertae (Villata et al., 2002 (Villata et al., , 2009b Raiteri et al., 2009 Raiteri et al., , 2010 Larionov et al., 2010) , AO 0235+164 (Ostorero et al., 2004) , along with 3C 454.3 (Villata et al., 2006 (Villata et al., , 2009a .
We assumed that the long-term flux density variations, with a tentative time scale of one week in the optical and of one month in the mm band, are due to changes of the viewing angles of the corresponding emitting regions, while variability on shorter time scales can be ascribed either to intrinsic flaring activity or to a finer geometrical structure (as suggested by Larionov et al. 2010 for BL Lacertae). Then, under the further assumption that the γ and X-ray emissions are produced by inverse-Compton scattering of synchrotron photons and that the behaviour of the IR light curve is intermediate between the optical and mm ones, we combined the optical and mm fluxes to fit the γ and X-ray light curves. In this scenario the multiwavelength observations presented in this paper suggest that the γ-ray radiation comes from inverse-Comptonisation of "optical" (actually UV to-near-IR) synchrotron photons produced in the inner emitting jet region by their parent relativistic electrons (SSC process). However, depending on the mean free path before upscattering, the bulk of the γ-ray radiation is produced in a region slightly downstream of the one responsible for the bulk of the optical emission. The jet curvature then implies that the γ and optical regions are slightly misaligned. A reduction of this misalignment, allowing more optical seed photons to enter the Comptonisation zone, could thus be at the origin of the γ-ray flux increase in 2009-2010. Moreover, the variation in the γ/optical flux ratio during the outburst peaks of mid 2008 and late 2009 can be explained by the fact that the γ zone acquires the minimum viewing angle, hence the maximum Doppler boosting, some days before the optical zone.
The X-ray light curve is not as well sampled as the optical and γ-ray ones, which makes a detailed analysis more difficult. However, the above-mentioned fit suggests that the X-ray radiation comes from a downstream region, where relativistic electrons produce and upscatter synchrotron IR photons (SSC process). The rise in the X-ray flux levels in the 2009-2010 season would then be explained similarly to the case of the γ flux, with a better alignment between the zones responsible for the bulk of the synchrotron and inverse-Compton emissions. The mean delay of about 1 d of the X-ray flux variations after the optical ones and of about 0.5 d after the γ-ray ones, found by crosscorrelation analysis, are consistent with this picture.
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